Introduction
============

Systemic chemotherapy and radiotherapy are the main treatments for hematologic malignancies because hematologic tumor cells are susceptible to these modalities. However, these treatments can also lead to bone marrow suppression, which necessitates allogeneic hematopoietic stem cell transplantation (HSCT) to reconstitute the hematopoietic and immune systems.^[@bib1],\ [@bib2]^ Although high-dose chemo/radiotherapy prior to HSCT (that is, myeloablative conditioning) maximizes tumor cell killing and thus exhibits an excellent response rate, it is too toxic for older patients and patients with poor general conditions and is often accompanied with unwanted side effects, such as increased probabilities of infection and severe inflammation.^[@bib2],\ [@bib3]^ Therefore, reduced intensity chemo/radiotherapy prior to HSCT (that is, non-myeloablative conditioning) is widely performed.^[@bib4],\ [@bib5],\ [@bib6]^ In this situation, mixed bone marrow chimerism is established by the remaining recipient and incoming donor hematopoietic cells, and the recipient hematopoietic cells are then gradually eliminated by a small population of mature donor T cells that is included in the donor bone marrow graft, which leads to full donor chimerism. During this process, residual hematologic malignant cells are also killed primarily by the allogeneic donor T cell responses against the mismatched major or minor histocompatibility antigens of the recipient tumors; this process is referred to as the graft-versus-tumor (GVT) effect.^[@bib7]^ However, non-myeloablative conditioning is relatively insufficient for eradicating malignant cells compared with myeloablative conditioning, and full donor chimerism is not established in some patients, which results in a higher relapse rate.^[@bib8],\ [@bib9]^

Based on the notion that mature donor T cells can induce the GVT effect, the additional infusion of mature donor lymphocytes (that is, donor lymphocyte infusion, DLI) was introduced to prevent or treat tumor relapse after HSCT.^[@bib10],\ [@bib11]^ The infused donor lymphocytes are not rejected by the recipient T cells due to donor-specific tolerance established by the allogeneic HSCT, while they can eliminate recurring malignant cells via the GVT effect. Thus, DLI can be regarded as an early form of adoptive T cell therapy and is currently widely used in clinical practice in the treatment of many hematologic malignancies.^[@bib12]^ Although DLI is an effective treatment for certain leukemias (for example, chronic myeloid leukemia (CML) which exhibits a 70--80% response rate), its efficacy in the treatment of other leukemias remains low (for example, acute myeloid leukemia (AML) and acute lymphocytic leukemia (ALL) for which the response rates are 10--35%).^[@bib13],\ [@bib14],\ [@bib15]^ Therefore, it is necessary to develop new strategies to enhance therapeutic efficacy of DLI for relapsed hematologic tumors.^[@bib16]^

Another problem related to DLI is the detrimental and often life-threatening side effect called graft-versus-host disease (GVHD). In GVHD, the mature donor T cells attack alloantigens in the normal recipient tissues in addition to those in the tumors.^[@bib17]^ Conceptually, the GVT effect and GVHD are mediated by the same anti-alloantigen T-cell responses. Hence, it is difficult to separate the two phenomena.^[@bib18],\ [@bib19]^ Nonetheless, GVHD is preferentially induced in solid organs, such as the intestines, liver, and skin, when those tissues are highly inflamed, whereas the GVT effect typically occurs in lymphoid organs. Highly inflammatory environments in target tissues facilitate the extravasation of activated T cells and the development of GVHD.^[@bib20],\ [@bib21]^ Thus, reducing inflammation in GVHD-target organs could represent a method for avoiding GVHD while preserving the beneficial GVT effect of DLI. Accordingly, when DLI was performed in an established mixed bone marrow chimera at approximately two months after HSCT in a mouse model, at which point the inflammation induced by the conditioning process had sufficiently subsided (that is, delayed DLI), the GVT effect was achieved without GVHD.^[@bib22]^

In clinical settings, prophylactic DLI is usually performed in patients without GVHD after 2 months off immunosuppression if the chimerism is not fully converted to the donor type or is being lost. In a study of DLI following T cell-depleted allogeneic HSCT for AML and myelodysplastic syndrome, prophylactic DLI elicited a 5-year overall survival of 80% with a low incidence of GVHD.^[@bib23]^ Therefore, delayed DLI might be a good starting point for the further development of enhanced allogeneic T-cell therapy with reduced side effects. Other methods of controlling GVHD have also been actively studied, including T cell trafficking blockade,^[@bib24],\ [@bib25]^ suicidal gene-transduced DLI,^[@bib26],\ [@bib27],\ [@bib28],\ [@bib29]^ immunosuppressive cell therapies using regulatory T cells^[@bib30],\ [@bib31]^ and mesenchymal stem cells,^[@bib32],\ [@bib33]^ etc.

A recent approach in anti-tumor T-cell therapy is the genetic modification of T cells prior to infusion with the aim of increasing tumor-specificity or enhancing T-cell functionality.^[@bib34],\ [@bib35]^ We previously reported one such approach using a novel dominant negative CTLA4 mutant, that is, the CTLA4-CD28 chimera (CTC28).^[@bib36]^ CTLA4 is known as an inhibitory receptor that is present on activated T-cell surfaces, and the neutralization of this receptor with antibodies, such as ipilimumab, increases the overall T cell reactivity, which contributes to tumor regression.^[@bib37],\ [@bib38],\ [@bib39]^ CTC28 is composed of the extracellular and transmembrane domains of CTLA4 and the intracellular domain of CD28. *CTC28* gene-modified T cells can negate negative CTLA4 signaling via the dominant negative effect of CTC28 and can additionally be stimulated via the stimulatory CD28 signaling of CTC28. When *CTC28* gene-introduced tumor antigen-specific T cells are infused into tumor-bearing mice, these T cells can lead to significant tumor regression. Thus, *CTC28* gene-modified T-cell therapy has been proven effective in autologous T-cell therapy models. However, the effect of *CTC28* gene-modified T cell therapy in allogenic T-cell therapy models, such as DLI, has not yet been tested.

In this study, we investigated whether the *CTC28* gene modification of donor T cells could enhance the therapeutic efficacy of DLI in a delayed DLI model involving a murine hematologic malignancy. CTC28-transduced DLI cells exhibited robust expansion in the tumor-bearing recipients and elicited an enhanced GVT effect. This gene modification was accompanied by newly developed GVHD, but the GVHD was not lethal and could be alleviated by the co-administration of an immune suppressive cell population of IL-10-secreting mesenchymal stem cells. Thus, *CTC28* gene modification of allogeneic donor T cells could be a novel strategy for improving DLI following allogeneic HSCT for hematologic malignancies.

Materials and methods
=====================

Mice
----

C57BL/6 (B6, H-2^b^) mice were purchased from Orient Bio, Inc. (Seongnam-si, Korea). B10.A (H-2^a^: K^k^, A^k^, E^k^, D^d^, L^d^) mice were acquired from SLC, Inc. (Hamamatsu-shi, Shizuoca, Japan). The mice were housed in a specific pathogen-free (SPF) animal facility at the Research Institute National Cancer Center (Korea) and maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC). The experimental use of animals was approved by the IACUC (NCC-15-255).

Cells and plasmids
------------------

EL4 cells (a T-cell lymphoma cell line derived from B6) and 2.43 hybridomas (used to produce anti-mouse CD8 antibodies (Ab)) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). Phoenix GP and Phoenix Eco cell lines were provided by Garry Nolan (Stanford University, USA). D3116, a mouse mesenchymal stem cell (MSC) clone, was kindly provided by Sun U. Song (Inha University, Incheon, Korea).^[@bib40]^ The MSCV retroviral plasmids with IRES-GFP (pMIG) and pMIG containing murine IL-10 cDNA (pMIG-IL-10) were kind gifts from Il-Hoan Oh (The Catholic University, Korea).^[@bib41]^ IL-10 retrovirus-producing and the empty vector (EV) retrovirus-producing Phoenix Eco packaging cell lines were generated using pMIG-IL-10 and pMIG according to a previously described method.^[@bib36]^ IL-10-transduced and EV-transduced D3116 cells were generated by spin infection with the retroviral supernatants and cell sorting of the GFP-positive population with a FACSAria cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA). IL-10 production from MSCs was quantified by measuring the amount of IL-10 accumulated in the culture supernatant over a 48 h-culture period by ELISA (BD OptEIA mouse IL-10 ELISA Set, BD Biosciences, San Jose, CA, USA).

Transduction of T cells with the retrovirus
-------------------------------------------

The retroviral supernatants containing the CTLA4-CD28 chimera retrovirus and the empty-vector retrovirus were generated as previously described.^[@bib36]^ The retroviruses also encoded the IRES-GFP module to enable the tracing of the transduced cells (pMIG-w). For the retroviral transduction of T cells, spleen and lymph node cells were isolated from B10.A mice and stimulated with plate-bound anti-CD3 (10 μg ml^−1^, 145-2C11) and anti-CD28 (2 μg ml^−1^, 37.51) antibodies (BD Biosciences). After 24 h, the T cells were transduced with the concentrated retroviruses by centrifugation of the cells at 2500 r.p.m. for 90 min (spin infection). This procedure was repeated once on the same day. During the spin infection, 6 μg ml^−1^ Polybrene (Sigma-Aldrich, St Louis, MO, USA) was added to the culture supernatant to enhance the transduction efficiency. After 48 h, the transduced T cells were transferred into fresh medium containing 20 U ml^−1^ recombinant mouse IL-2 (Invitrogen, Waltham, MA, USA) and allowed to rest for 72 h without stimulation. After resting, more than 95% of the live cells were CD4 or CD8 T cells. The cells were stained with phycoerythrin (PE)-conjugated anti-CTLA4 antibody (UC10-4F10-11, BD Biosciences) and analyzed by flow cytometry to measure the expression of GFP and cell surface CTC28.

Bone marrow transplantation
---------------------------

Recipient B6 mice were lethally irradiated (9 Gy in two split doses separated by 4 h). The next day, the mice were intravenously injected with a mixture of T cell-depleted donor (B10.A, 1.5 × 10^7^ cells) and recipient (B6, 0.5 × 10^7^ cells) bone marrow (BM) cells. The BM cells were isolated from the tibias and femurs of the mice, and the T cells were depleted using a cocktail of anti-Thy1.2 (30-H12), anti-CD4 (GK1.5), and anti-CD8 (53-6.7) antibodies (BD Biosciences), and guinea pig complement (Cedarlane, Burlington, ON, Canada) as previously described.^[@bib42]^ Mixed chimerism in peripheral blood was assessed 5--7 weeks after BMT by flow cytometry (FACSCalibur, Becton Dickinson) and analyzed with FlowJo software (TreeStar, Inc., Ashland, OR, USA). Fluorescein isothiocyanate (FITC)-conjugated anti-H-2D^d^ (34-2-12, BD Biosciences) or PE-conjugated anti-H-2K^b^ antibody (AF6-88.5.5.3, eBioscience, San Diego, CA, USA) was used to distinguish between the donor (H-2D^d^) and recipient (H-2K^b^) hematopoietic cells. The donor B10.A mice were aged 5--6 weeks, and the recipient B6 mice were aged 9--12 weeks at the time of BMT. The recipients were provided with antibiotics in their drinking water for 5 weeks beginning at 1 week before bone marrow transplantation (BMT).

Donor lymphocyte infusion
-------------------------

At least 8 weeks after BMT, the mixed chimera recipient mice were intravenously injected with EL4 (1 × 10^4^) cells. In the preventive model, naive DLI was performed 7 days before EL4 injection. In the therapeutic models, donor lymphocyte infusion (DLI) was performed 4--6 h after EL4 injection. For the naive DLI, splenocytes were isolated from B10.A mice, and the red blood cells (RBC) were removed with ACK-lysis buffer. Single-cell suspensions (2 × 10^7^ cells) were intravenously administered to the recipient mice. For the activated DLI, B10.A splenocytes were stimulated with anti-CD3 and anti-CD28 antibodies. After 72 h, the T cells were transferred into fresh medium containing 20 U ml^−1^ mouse IL-2 and rested for 72 h without stimulation. The T cells were collected and administered (5 × 10^6^ cells) to the recipient mice by intravenous injection. For the unfractionated CTC28-transduced DLI, T-cell transduction was performed as described above, and the cells (5 × 10^6^) were intravenously injected into the mice. For the fractionated CTC28-transduced DLI, CD4 and CD8 T cells were purified from B10.A mice by positive selection using CD4 and CD8 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany), and T cell transduction was performed as described above. The transduced CD4 and CD8 T cells were mixed in a 1:1 ratio and administered (3--5 × 10^6^ cells each) by intravenous injection. The survival of the mice was monitored until 70--80 days after tumor injection.

For the *in vivo* CD8 T cell depletion study, anti-CD8 antibody (100 μl of ascitic fluid from hybridoma 2.43, \~10 mg ml^−1^) was injected every other day for the first week after DLI and subsequently injected once per week for the following 4 weeks. CD8 T cell depletion of more than 98% in the peripheral blood was confirmed via flow cytometry. Normal rat IgG (1 mg, Sigma-Aldrich) was injected according to the same schedule into the control group of recipient mice.

In some experiments, D3116 MSCs or IL-10-transduced D3116 MSCs (1.5 × 10^6^ cells per an injection per mouse) were intraperitoneally injected into the recipients three times at 7-day intervals beginning on the day of DLI.

Peripheral blood analysis following DLI
---------------------------------------

After DLI in the tumor-bearing mixed chimera mice, the presence of DLI cells and the mixed chimerism shift were evaluated at various times. Peripheral blood samples were collected, and the RBCs were then lysed with ACK-lysis buffer. The modified donor T cells were traced as GFP-positive cells via flow cytometry. The shift in the ratio of the mixed chimerism in the blood was periodically analyzed by staining the blood cells with allophycocyanin (APC)-conjugated anti-CD4 (RM4-5, BD Biosciences), PE-Cy5-conjugated anti-CD8 (53-6.7, BD Biosciences), and PE-conjugated H-2K^b^ (AF6-88.5.5.3, eBioscience) antibodies.

Intracellular cytokine staining
-------------------------------

Splenocytes were isolated from the recipient mice 10--11 days after tumor injection and DLI. The cells were stimulated with 50 ng ml^−1^ phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) plus 500 ng ml^−1^ ionomycin (Sigma-Aldrich) for 4 h in the presence of Golgi-plug (BD Biosciences). After fixation in 4% paraformaldehyde in PBS for 10 min, the cells were permeabilized with 0.5% Triton X-100 buffer and then intracellularly stained with APC-conjugated anti-mouse IFN-γ antibody (XMG1.2, BD Biosciences). GFP-positive CD4 or CD8 cells were gated and analyzed for IFN-γ fluorescent intensity via flow cytometry.

Assessment of GVHD
------------------

Body weights were measured once or twice per week during the entire experimental period. The clinical manifestations of GVHD, including changes in the skin (alopecia, inflamed or scaly skin), generalized signs (fur texture, posture and activity), inflammation of the eyes, and diarrhea, were assessed. Each parameter was quantified with the following scoring system: 0, normal; 1, mild; 2, moderate; and 3, severe (for the scoring of eye inflammation, 4 indicated that both eyes were severely inflamed and closed). The total clinical GVHD scores were defined as the sums of the scores of each parameter.^[@bib43]^

For the histopathological analyses of the GVHD target tissues, tissue samples were collected from the liver, lung, colon and skin (from the neck) 28 days after DLI and fixed in 10% formalin. The fixed samples were embedded in paraffin, cut into 5-μm-thick sections, and stained with hematoxylin and eosin (H&E) for histological examination.

Statistical analysis
--------------------

The survival data were analyzed with the log-rank (Mantel--Cox) test using the Prism software (GraphPad Software, Inc., San Diego, CA, USA). The other statistical analyses were performed with Student's *t-*tests using SigmaPlot software (Systat Software, Inc., San Jose, CA, USA).

Results
=======

CTLA4-CD28 chimera gene modification of T cells increases the GVT effect in a therapeutic model of delayed DLI
--------------------------------------------------------------------------------------------------------------

To study the effect of delayed DLI on relapsed hematologic malignancies in a murine preclinical model, we set up a well-established mixed bone marrow (BM) chimera model using B10.A BM transplantation into irradiated B6 mice.^[@bib22],\ [@bib42]^ In this model, the recipient B6 mice were lethally irradiated and subsequently injected with a mix of BM cells from B10.A and B6 mice to ensure the uniform generation of mixed chimeras. Next, the mice were left untreated for \~2 months until the radiation-induced inflammation subsided. To mimic systemic tumor relapse, these mice were intravenously inoculated with EL4 syngeneic B6 T-cell lymphoma cells. Splenocytes from B10.A mice were used as a source of DLI cells. When the B10.A splenocytes were injected 1 week before tumor inoculation, all of the mice survived as previously reported due to efficient tumor elimination by the DLI cells,^[@bib42]^ whereas the tumor-injected mice without DLI all died within 40 days ([Figure 1a](#fig1){ref-type="fig"}). These results indicate that delayed DLI is an efficient prophylactic treatment modality for the prevention of tumor relapse.

Next, we tested whether this effect could be recapitulated in a therapeutic model of tumor relapse. For this purpose, we first inoculated the mixed chimera mice with EL4 cells, and DLI was then performed 4--6 h later on the same day. Surprisingly, no anti-tumor effect of DLI was observed compared with the control mice that were injected with the tumor alone ([Figure 1a](#fig1){ref-type="fig"}). Many of the T cells in the B10.A spleen were naive T cells that had never encountered B6 alloantigens. In the preventive model, the 7-day period before tumor inoculation may have provided sufficient time for the naive donor T cells to be activated by the host alloantigen, which might have facilitated the immediate removal of the tumor cells that were infused by the activated donor T cells. However, in the therapeutic model, tumor cell seeding and expansion may have surpassed the slow activation of the injected naive donor T cells. Therefore, we replaced the naive donor splenocytes with donor T cells that were activated *in vitro* for several days in the therapeutic model. However, we did not observe an enhanced survival of the recipient mice, which implies that the pre-activation of donor T cells alone was not sufficient to limit tumor growth ([Figure 1b](#fig1){ref-type="fig"}).

We previously reported that *CTC28* gene modification of T cells enhances the therapeutic efficacy of tumor antigen-specific T cells in autologous T cell therapy models.^[@bib36]^ Therefore, we undertook experiments to examine whether *CTC28* gene modification of allogeneic donor T cells would elicit a similar enhancing effect in the therapeutic model of delayed DLI illustrated above. The *CTC28* gene-modified donor T cells were generated by the transduction of B10.A splenocytes with CTC28 retrovirus and injected into the tumor-bearing recipient mixed chimera mice. Despite this gene modification, the mice did not exhibit any survival benefit ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). During the analysis of the gene-modified T cell population, we noticed that the CD8 T cells expanded three- to fourfold more than the CD4 T cells during the *in vitro* viral transduction period and thus generated a CD8 T cell-dominant population (CD4/CD8 ratio of 1:3 compared with 1:1 in the naive splenocytes). It is well-known that CD4 T cell help is necessary for the optimal tumor-killing effect of CD8 T cells.^[@bib42],\ [@bib44],\ [@bib45]^ Furthermore, the enhancing effect of CTC28 on T-cell function is far greater in CD4 T cells than in CD8 T cells as demonstrated in our previous study.^[@bib36]^ Therefore, we suspected that the lack of an enhancing effect of the CTC28 T-cell modification might have been due to the relative insufficiency of CD4 T cells in the transduced T-cell population.

To increase the number of the gene-modified CD4 T cells, we purified CD4 and CD8 T cells and separately transduced them with CTC28 retrovirus. High transduction efficiencies for both populations were confirmed by the positivity for the GFP reporter contained in the retroviral vector and by anti-CTLA4 antibody staining ([Figure 1c](#fig1){ref-type="fig"}). When we combined the two fractionated populations in a 1:1 ratio and injected them to the tumor-inoculated recipient mice, we observed a substantial enhancement of mouse survival ([Figure 1d](#fig1){ref-type="fig"}). Thereafter, we used this mixture of an equal number of fractionated CTC28-transduced CD4 and CD8 T cells as the CTC28-transduced DLI cells. Collectively, the *CTC28* gene modification of donor T cells with CD4 T cell enrichment significantly increased the GVT effect in the therapeutic model of delayed DLI.

Dual modification of CD4 and CD8 T cells is required for the expansion of CD8 T cells and the GVT effect
--------------------------------------------------------------------------------------------------------

Because we observed that CD4 T cell enrichment enhanced the GVT effect, we sought to evaluate the relative contributions of the *CTC28* gene modifications of the CD4 and CD8 T cells in the delayed DLI treatment model. Although the GVT effect of the gene modification of both the CD4 and CD8 T cells was reproduced, the modifications of either the CD4 or CD8 T cells alone did not result in any increase in the survival of the treated mice. Thus, the modification of both populations was critical for the therapeutic effect in this model ([Figure 2a](#fig2){ref-type="fig"}).

To understand underlying mechanisms of the therapeutic effect of CTC28-transduced DLI, we first analyzed the *in vivo* fates of injected DLI cells by tracing the GFP-expressing transduced T cells in the peripheral blood. The CTC28-transduced CD4 T cells progressively expanded irrespective of the CD8 T-cell modification, whereas the empty vector-transduced CD4 T cells did not expand in any case ([Figures 2b and c](#fig2){ref-type="fig"}). In contrast, the CTC28-transduced CD8 T cells only expanded in the presence of CTC28-transduced CD4 T cells, which implied that the expansion of CD8 T cells depended on the dual modification of the CD4 and CD8 T cells ([Figures 2d and e](#fig2){ref-type="fig"}).

The necessity of dual modification for CD8 T cell expansion correlated with the essentialness of the dual modification for the therapeutic effect, which suggested that the therapeutic effect of this modified DLI might be mediated by the expanded CD8 T cells. To test this possibility, we depleted CD8 T cells *in vivo* using an anti-CD8 antibody in this modified DLI model. As expected, CD8 depletion abrogated the survival gain from DLI ([Figure 3](#fig3){ref-type="fig"}). Thus, CD8 T-cell expansion mediated by dual modification seems to play a primary role in CTC28-transduced DLI-induced GVT effect.

The functional activity of CTC28-transduced T cells is enhanced after *in vivo* expansion
-----------------------------------------------------------------------------------------

Next, we evaluated the effect of CTC28-transduction on the functional activity of expanded DLI cells *in vivo*. The empty vector--- and CTC28-transduced T cells that were generated *in vitro* exhibited similar IFN-γ-producing capabilities as determined by intracellular cytokine staining following PMA and ionomycin stimulation ([Figure 4a](#fig4){ref-type="fig"}). In contrast, when these modified T cells were isolated from the mice 10--11 days after DLI and stimulated *ex vivo* with PMA and ionomycin, the percentages of IFN-γ-producing CD4 and CD8 T cells in the CTC28-transduced population were significantly higher than those in the empty vector-transduced population ([Figures 4b--d](#fig4){ref-type="fig"}). In addition, the IFN-γ-producing capabilities of the individual DLI cells, as determined by the mean fluorescence intensity (MFI), was also significantly higher in the CTC28-transduced T cells than in the empty vector-transduced cells ([Figures 4b, e and f](#fig4){ref-type="fig"}). Consistently, the blood chimerism of the mice that received CTC28-transduced DLI cells gradually shifted to the donor type ([Figures 5a--f](#fig5){ref-type="fig"}). This shift was not due only to the peripheral expansion of the infused donor T cells but also to the change in hematopoietic stem cell composition because the B cell composition also shifted to the donor type ([Figures 5e and f](#fig5){ref-type="fig"}). This finding implies that the gene-modified donor T cells enhanced the elimination of the host BM cells due to increased cytotoxicity. Collectively, the improvement of the GVT effect by the CTC28 transduction of DLI cells correlated with the quantitative increase in alloreactive T cells that was followed by enhanced effector function *in vivo*.

CTC28-transduced DLI is accompanied by late-onset and non-lethal GVHD
---------------------------------------------------------------------

Although the tumor-bearing mixed chimera mice that were treated with the modified DLI survived longer than the untreated control mice, their gross appearance differed from that typically observed in mice treated with preventive DLI. Hunched postures, erupted hairs and low mobility suggested that the mice were experiencing some degree of GVHD. Although delayed DLI is not usually accompanied by GVHD, the increased functionality of the CTC28-transduced T cells may have provoked GVHD-inducing capacity. However, it was difficult to ascribe the morbidity of the mice to T-cell-mediated GVHD because the tumor burden itself could have caused morbidity in the mice.

To exclude the role of tumor cells in GVHD development, we transferred these modified T cells into mixed chimeric mice without tumor injection and monitored the clinical manifestations of the mice. In the empty vector-transduced DLI group, body weight loss and clinical GVHD symptoms were not observed during the experimental period. In contrast, the CTC28-transduced DLI-treated mice began to lose their body weight 7 days after DLI and gradually lost \~25% of their initial body weight by \~40 days after DLI ([Figure 6a](#fig6){ref-type="fig"}). The clinical GVHD scores also progressively increased after DLI ([Figure 6b](#fig6){ref-type="fig"}). When several GVHD target organs were isolated and histologically examined 28 days after DLI, a moderate increase in lymphocyte infiltration into the tissues was observed in the CTC28-transduced DLI group compared with the empty vector-transduced group and the group without DLI ([Figure 6c](#fig6){ref-type="fig"}). Nonetheless, no mice died of GVHD during the 75-day of experimental period, which differentiated this condition from the acute lethal GVHD that is typically observed in allogeneic DLI settings.

IL-10-transduced third-party MSCs mitigate GVHD and enhance survival
--------------------------------------------------------------------

The CTC28-transduced DLI-mediated GVHD was not lethal in the tumor-free conditions. However, its negative influence on the survival of the tumor-bearing mice cannot be excluded because a significant percentage (30--60%) of the mice that were treated with the gene-modified DLI still eventually died. Therefore, we searched for an additional treatment to mitigate the GVHD without impairing the GVT effect of the CTC28-transduced DLI. Several strategies using either FTY720, which is a reagent for blocking the egress of T cells from the lymphoid organs, or the co-modification of T cells with suicidal genes, such as herpes simplex virus thymidine kinase or inducible caspase 9 were not successful in our hands (data not shown). Finally, we decided to test the GVHD-suppressing capability of mesenchymal stem cells (MSCs) in our model. MSCs have been reported to suppress acute GVHD in pre-clinical models and clinical trials.^[@bib46],\ [@bib47],\ [@bib48]^ Due to their immunosuppressive nature, allogeneic third-party MSCs have been used in clinical trials.^[@bib48]^ Therefore, we decided to examine the effect of murine third-party MSCs in our system. The MSC line from Balb/C mice (D3116) was established by a sub-fractionation culturing method.^[@bib40]^ The MSCs were intraperitoneally injected weekly three times beginning on the day of the DLI in our CTC28-transduced DLI model. Disappointingly, this treatment did not elicit any GVHD-alleviating effect or any effect on mouse survival ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). However, there are some studies that have demonstrated that unmodified MSCs have limited anti-GVHD effects, whereas genetically modified MSCs suppress GVHD.^[@bib49],\ [@bib50]^ In one report, IL10-overexpressing MSCs exhibited a protective effect against GVHD in an allogeneic BM transplantation model.^[@bib41]^ Therefore, we generated IL10-overexpressing D3116 MSCs via the retroviral transduction of IL-10 cDNA. IL-10 overexpression was confirmed by the increased secretion of IL-10 into the culture supernatant compared with that from the empty vector-transduced MSCs as measured by ELISA ([Figure 7a](#fig7){ref-type="fig"}).

Next, we checked the protective effects of these cells against GVHD in the CTC28-transduced DLI model. All groups of mice, including the mice that were injected with tumors alone, those treated with the modified DLI, and those treated with the modified DLI and IL-10-transduced MSCs, exhibited similar low-grade weight loss and GVHD by \~30 days after DLI ([Figures 7b and c](#fig7){ref-type="fig"}). Thereafter, many mice in the tumor-alone group and the DLI-treated group began to die, which hampered the measurement of the GVHD scores for those groups. Surprisingly however, we found that the overall survival of the mice in IL-10-transduced MSCs-treated group was greatly enhanced compared with the DLI-treated group without MSCs ([Figure 7d](#fig7){ref-type="fig"}). Accordingly, we were able to measure the degree of GVHD in the MSC-treated group at \~70 days after DLI. At this time, the GVHD score was maintained at very low levels ([Figure 7c](#fig7){ref-type="fig"}). Moreover, the mice in the MSC-treated group did not lose further body weight and exhibited a slight recovery at this time point ([Figure 7b](#fig7){ref-type="fig"}). The degrees of GVHD and weight loss in the MSC-treated group at approximately day 70 after DLI were far lower than those of the DLI-treated mice without tumor injection at a similar time point as illustrated in [Figures 6a and b](#fig6){ref-type="fig"} (GVHD score: \<0.5 versus 7; weight loss: 10% versus 25%). In summary, IL10-transduced third-party MSCs inhibited the modified DLI-mediated GVHD without hampering the GVT effect. Furthermore, the administration of the MSCs increased the survival of the DLI-infused mice. Thus, the combination of CTC28-transduced DLI and IL-10-transduced MSC therapy could be a useful strategy for the treatment of tumor relapse after HSCT with reduced intensity conditioning.

Discussion
==========

Anti-tumor T-cell therapy has recently gained much attention.^[@bib51]^ Specifically, T -cell therapies for hematologic malignancies are rapidly growing because antigen-specific T-cell therapies for EBV-positive lymphomas and chimeric antigen receptor-transduced T-cell therapies against CD19-positive hematologic tumors have been very successful in clinical trials.^[@bib52],\ [@bib53]^ These treatments are usually based on the expansion or gene modification of autologous T cells from patients with advanced tumors, which may not always be feasible. Allogeneic T-cell therapy against alloantigens will have some advantages over autologous T-cell therapy because polyclonal allogeneic T cells target multiple antigens rather than a single antigen, and they can be obtained from healthy donors. DLI is a form of allogeneic T-cell therapy that accompanies HSCT and has been used in daily clinical practice. Thus, enhancing the efficacy of DLI will be easily translated into the clinic if the procedures are properly designed. In this study, we demonstrated that CTC28, a mutant of CTLA4 that has previously been used to enhance the efficacy of autologous T-cell therapy, can also be used to increase the efficacy of DLI in an HSCT setting.

The mouse model we used in this study mimics tumor relapse after HSCT accompanied by reduced intensity conditioning. Specifically, EL4 cells exhibited an aggressive ALL-like behavior as demonstrated by the finding that the intravenous injection of only 1 × 10^4^ tumor cells into mice was sufficient to induce lethality within 40 days. Similarly, conventional DLI can only prevent tumor seeding and but cannot limit the growth of pre-existing tumor cells in mice. Thus, it is a good model for attempts to enhance the efficacy of DLI against poorly responsive relapsed ALL. Delayed DLI in this model is also similar to clinical DLI settings because DLI is typically performed several months after HSCT to prevent or treat tumor relapse in clinical practice.^[@bib23]^

The main finding of this report is that CTC28-transduced DLI was able to enhance the survival of the mixed chimera mice in a therapeutic model in which conventional DLI did not elicit any survival gain. There are several intriguing observations. While the CD8 T-cell-dominant unfractionated gene-modified population did not exhibit any therapeutic effect, increasing the proportion of CD4 T cells via the separate gene modification of CD4 and CD8 T cells and subsequent mixing of these cells elicited a therapeutic benefit. The importance of CD4 T cells in this model was demonstrated in our previous report in which CD4 T cell-depleted DLI lost its GVT effect in a preventive naive DLI setting.^[@bib42]^ However, a simple increase in the CD4 T cell proportion in the DLI population without *CTC28* gene modification did not elicit a therapeutic effect in our model (that is, the empty vector-transduced DLI). A sufficient proportion of CTC28-transduced CD4 T cells had to be provided for the anti-tumor effect. This observation is consistent with our previous study on autologous T cell therapy models in which *CTC28* gene modification of CD4 T cells was found to be essential for tumor regression.^[@bib36]^

The peculiarity of this model is that the *CTC28* gene modification of CD8 T cells was absolutely necessary for the GVT effect. In our previous models, although the modification of CD8 T cells further enhanced tumor regression, the modification of CD4 T cells alone was sufficient to mediate an anti-tumor effect, which was consistent with the observation that CTLA4-deficiency enhanced the activation of CD4 T cells to a greater extent than CD8 T cells.^[@bib36],\ [@bib54]^ The necessity of CD8 T cell modification in the current model was clearly demonstrated by the finding that the CD8 T cells expanded only in the dual modification condition. The reason for this difference is currently not known. However, the following points merits discussion. In the previous model, all of the CD8 T cells were tumor antigen-specific T cells that could immediately recognize tumor cells. In the present model, only 1--10% of the T cells were alloreactive T cells that need to be expanded to execute their cytotoxic function. Thus, the CD8 T cells may have required additional autologous help from the CTC28 gene modification to increase their survival and expansion. In support of this idea, autocrine IL-2 secreted by CD8 T cells is known to be necessary for memory CD8 T cell generation.^[@bib55]^ Alternately, in the previous model, large subcutaneous tumors had been pre-established by the time the T cells were administered.^[@bib36]^ In contrast, in the present model, only a small number of circulating tumor cells were present in the blood at the time of T cell administration, which limited access to sufficient target antigens. Thus, an additional gene modification may have been needed to drive sufficient CD8 T-cell expansion.

The delayed DLI in the preventive model of tumor relapse demonstrated that the GVT effect could be selectively induced without GVHD.^[@bib42]^ However, in the therapeutic model, the CTC28-transduced DLI-mediated GVT effect was accompanied by GVHD. Although radiation-induced inflammation was reduced in the 2-month period after HSCT, potentiation of the donor T cells via CTC28 modification might have inevitably caused tissue infiltration by these T cells. In CTLA4 knockout mice, CTLA4-deficient T cells hyperproliferate and infiltrate various tissues, which leads to autoimmune lethality within 3--4 weeks of birth.^[@bib54],\ [@bib56]^ In the present study, alloreactive CTC28-DLI cells acted similarly to CTLA4-deficient T cells by exhibiting hyperproliferation and tissue infiltration that led to GVHD. However, the DLI-induced GVHD was delayed-onset, moderate and non-lethal, which contrasts with the aggressive early lethality that is typically observed in acute GVHD. This difference may have resulted from the greater time required for the transferred DLI cells to expand to the level needed for tissue infiltration in the absence of inflammation. Nonetheless, controlling this unwanted side effect is necessary for the potential application of this approach.

MSCs have been reported to attenuate GVHD without impairing the GVT effect in both experimental settings and clinical trials.^[@bib57],\ [@bib58]^ MSCs are nonhematopoietic multipotent adult progenitor cells that can differentiate into a variety of cell types and have been reported to suppress the immune response in many disease processes including GVHD.^[@bib59]^ Although the early phase clinical trials for GVHD have shown promise,^[@bib32],\ [@bib60],\ [@bib61]^ a large scale phase III clinical trial (<http://investor.osiris.com/releasedetail.cfm?ReleaseID=407404>) failed to demonstrate a clinical benefit for allogeneic MSCs. We were also unable to observe any effect of allogeneic third-party MSCs in our murine model. This inconsistency may be due to unstandardized methods of cell isolation and culture. Although the immunomodulatory mechanisms of MSCs are not fully elucidated, immunosuppression is mainly mediated by soluble factors that include transforming growth factor-β1 (TGF-β1),^[@bib62],\ [@bib63]^ prostaglandin E2 (PGE2),^[@bib64]^ indoleamine-pyrrole 2,3-dioxygenase (IDO)^[@bib65],\ [@bib66]^ and interleukin-10 (IL-10).^[@bib67],\ [@bib68]^ Specifically, IL-10 gene-modified MSCs have been reported to potentiate the immunomodulatory effect against acute GVHD in an experimental allogeneic HSCT model.^[@bib41]^ When we tested IL-10 gene-modified MSCs in our model, we observe an attenuation of GVHD with the maintenance, or rather enhancement, of the GVT effect. This separation of the GVT effect and GVHD may have been due to the preferential migration of MSCs to the inflammatory tissues and the subsequent local secretion of immunosuppressive IL-10.^[@bib69]^ The enhanced survival of the mice that were treated with IL-10-transduced MSCs compared with the survival of the mice that were treated with DLI alone implies that some mice may have died due to GVHD and not due to the tumors in the DLI-treated group, and the IL-10-transduced MSCs may have rescued these mice. This possibility needs to be analyzed in greater detail in the future.

Overall, the CTC28 gene modification of allogeneic T cells was able to enhance the efficacy of DLI in the mixed chimera after HSCT. This finding is another example of the usefulness of this mutant receptor in T cell-based treatment. However, the overall enhancement of T cell function necessitates another tool to regulate the accompanying GVHD. IL-10-overexpressing MSCs can effectively supplement CTC28-mediated T-cell therapy by reducing GVHD and potentiating the GVT effect, which demonstrated the potential of genetically modified cell therapies in the treatment of tumors.
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![*CTC28* gene modification of T cells increases the GVT effect in a therapeutic model of delayed DLI. Lethally irradiated B6 mice were reconstituted with a mixture of T cell-depleted BM cells from B10.A and B6 mice and left unmanipulated for at least 8 weeks (mixed chimera mice) before i.v. EL4 injection. (**a**) B10.A splenocytes were i.v. administered to the mice 7 days before EL4 injection (naive DLI » EL4) or 4--6 h after EL4 injection (EL4+ naive DLI). A group of the mice was injected with EL4 cells without DLI (EL4 only). The survival of the mice was monitored (*P-*value: naive DLI \>\> EL4 vs EL4 only). (**b**) B10.A splenocytes that were activated as described in the Materials and Methods section were i.v. administered to the mice 4--6 h after EL4 injection (EL4+activated DLI). (**c** and **d**) CD4 and CD8 T cells purified from B10.A mice were activated with anti-CD3 and anti-CD28 and subsequently transduced with CTC28 retrovirus respectively. After resting, both cells types were analyzed for transduction efficiency (GFP-positivity) and cell surface expression of CTC28 via flow cytometry (**c**) or *i.v.* administered to the mice as a mixed population at a 1:1 ratio 4--6 h after EL4 injection (EL4+CTC28-DLI) (**d**). The mixed CD4 and CD8 cells that were transduced with the empty vector (EV) retrovirus were used as a negative control (EL4+EV-DLI) (*P-*value: EL4+CTC28-DLI vs EL4+EV-DLI). The data were pooled from two independent experiments using five mice per group (**a**, **b** and **d**). *P*-values from log-rank (Mantel--Cox) tests.](emm2017104f1){#fig1}

![Dual modification of CD4 and CD8 T cells is necessary for the *in vivo* expansion of CD8 T cells. CD4 and CD8 T cells that were purified from B10.A mice were stimulated with anti-CD3 and anti-CD28 and transduced with either EV or CTC28 retroviruses. After resting, various combinations of EV− or CTC28-transduced CD4 and CD8 T cells were mixed at a 1:1 ratio and *i.v.* injected into the mixed chimera mice 4--6 h after EL4 injection. (**a**) The survival of the mice was compared between the groups (*P-value*: EL4+CTC28-CD4+CTC28-CD8 vs EL4+EV-CD4+EV-CD8, log-rank (Mantel--Cox) test). Pooled data from three independent experiments using five mice per group are shown. (**b**--**d**) Peripheral blood samples were collected at 7, 14 or 21 days after DLI, and the *in vivo* expansions of the transduced CD4 T cells (CD4^+^GFP^+^) (**b** and **c**) and CD8 T cells (CD8^+^GFP^+^) (**d** and **e**) were analyzed by flow cytometry. Representative flow cytometry profiles are presented in (**b** and **d**). The percentages of the populations were calculated from the pooled data of two independent experiments using five mice per group and are presented in (**c** and **e**). *P*-values: each group vs EV-CD4+EV-CD8, Student's *t-*test; n.s., not significant; error bars, s.e.m.](emm2017104f2){#fig2}

![CD8 T cells are responsible for the GVT effect in the therapeutic model of delayed DLI. The combined CTC28-transduced CD4 and CD8 T cells were *i.v.* administered to the mixed chimera mice 4--6 h after EL4 injection. CD8 T cell depletion was performed by *i.v.* injecting anti-CD8 antibody into the mice periodically (*P-value*: compared with EL4 only). A group of mice was injected with normal rat IgG as a negative control (n.s. in comparison with EL4 only). The data were pooled from two independent experiments using five mice per group. *P*-values, log-rank (Mantel--Cox) test.](emm2017104f3){#fig3}

![The functional activity of the CTC28-transduced T cells is enhanced after *in vivo* expansion. CTC28-transduced or EV-transduced CD4 and CD8 T cells were generated and introduced into EL4 tumor-bearing mixed chimera mice as in [Figure 1d](#fig1){ref-type="fig"}. (**a** and **b**) The transduced T cells prior to DLI (**a**) and splenocytes isolated 10 days after DLI (**b**) were stimulated with PMA and ionomycin for 4 h, and IFN-γ production was analyzed by intracellular staining via flow cytometry. Representative flow cytometry profiles of GFP-positive cells (the transduced T cells) are shown. (**c**--**f**) For the GFP-positive T cells that were isolated and stimulated as in (**b**), the percentages of IFN-γ producing cells (**c** and **d**) and the mean fluorescent intensities (MFIs) of the produced IFN-γ (**e** and **f**) were quantified from pooled data from four independent experiments using three to five mice per group. *P*-values, Student's *t-*test.](emm2017104f4){#fig4}

![Mixed chimerism in the peripheral blood shifts to the donor type following CTC28-transduced DLI. The proportions of blood cells that originated from the donor and host hematopoietic cells (mixed chimerism) were assessed periodically after CTC28− or EV-transduced DLI into EL4-tumor bearing mixed chimera mice as in [Figure 1d](#fig1){ref-type="fig"}. The percentages of H-2K^b^-positive (host-derived) and H-2K^b^-negative (donor-derived) cells in the CD4− (**a** and **b**), CD8− (**c** and **d**) and B220-positive cells (**e** and **f**) were analyzed via flow cytometry. Representative flow cytometry profiles 14 and 21 days after DLI are shown in (**a**, **c** and **e**). The percentages of donor-derived cells were analyzed using pooled data from two independent experiments using five mice per group in (**b**, **d** and **f**). *P*-values, Student's *t-*test.](emm2017104f5){#fig5}

![CTC28-transduced DLI induces late-onset and non-lethal GVHD. CTC28− and EV-transduced DLI were performed in the mixed chimera mice without EL4 tumor injection. A group of the mice did not receive donor lymphocytes (No DLI) as a negative control. (**a** and **b**) The degree of GVHD was assessed periodically by weight loss (**a**) and clinical scoring for GVHD (**b**) over 70 days. (**c**) The main tissues involved in GVHD were isolated 28 days after DLI, and tissue sections were stained with hematoxylin and eosin for histological examination. The results are representative of two independent experiments. The error bars indicate the s.e.m.](emm2017104f6){#fig6}

![IL-10-transduced third-party MSCs mitigate DLI-induced GVHD and enhance mouse survival in the tumor-bearing mixed chimeras. (**a**) IL-10− and EV-transduced D3116 BALB/c MSCs (IL-10-MSC; EV-MSC) were generated by retroviral transduction. The amounts of IL-10 produced by various numbers of MSCs were measured in the 48 h culture supernatant by ELISA. (**b**--**d**) CTC28− and EV-transduced DLI were performed in the tumor-bearing mixed chimera mice as in [Figure 1d](#fig1){ref-type="fig"}. IL-10-MSCs were i.p. administered three times at 7-day intervals beginning on the day of tumor injection/DLI. The degree of GVHD was assessed by weight loss (**b**) and clinical scoring (**c**). The survival of the mice was periodically monitored (**d**). \*, for the groups treated with tumor alone and with tumor plus DLI, the GVHD assessments were halted at \~28--35 days after DLI due to the significant deaths of the tumor-bearing mice. The data were pooled from three independent experiments using five mice per group. *P*-values, log-rank (Mantel--Cox) test.](emm2017104f7){#fig7}
